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Coulomb and Spin blockade of two few-electrons quantum dots in series in the
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We present Coulomb Blockade measurements of two few-electron quantum dots in series which
are configured such that the electrochemical potential of one of the two dots is aligned with spin-
selective leads. The charge transfer through the system requires co-tunneling through the second
dot which is not in resonance with the leads. The observed amplitude modulation of the resulting
current is found to reflect spin blockade events occurring through either of the two dots. We also
confirm that charge redistribution events occurring in the off-resonance dot are detected indirectly
via changes in the electrochemical potential of the aligned dot.
PACS numbers: 73.21.La (Quantum dots), 73.23.Hk (Coulomb blockade, single-electron tunnelling), 85.75.Hh
(Spin polarized field effect transistors)
I. INTRODUCTION
Semiconductor quantum dots (QDs), often referred to
as “artificial atoms”,1 have been studied intensively over
the last decade. The spin of an electron confined within
a QD has even been suggested as a possible physical real-
ization of a quantum bit.2 Recent progress in QD related
research includes the experimental realization and study
of few-electron single3,4 and double5,6 electrostatic quan-
tum dots and the implementation of non-local charge de-
tectors to indirectly detect a change in the number of
confined electrons.5,7
The most common experimental transport technique
used to investigate properties of quantum dots is
Coulomb blockade (CB) spectroscopy,8 from which the
addition spectrum of the system can easily be obtained.
CB techniques take advantage of the fact that to add an
N + 1 electron to a N -electron dot (i.e. to observe a CB
peak) one needs to match the electro-chemical potential
of the quantum dot to that of the leads. The electro-
chemical potential of the dot, µ(N + 1), can be tuned
by means of a “plunger” electrode. Since µ(N + 1) =
E(N +1)−E(N), where E(N) is the ground state (GS)
energy of the N -electron dot, any transition in the GS of
either the N orN+1 electron dots is reflected in µ(N+1)
and therefore in the plunger electrode position of the CB
peak. When the dot is connected to spin selective leads
the tunneling rates for each spin species are different re-
sulting in a spin blockade mechanism.9 Spin blockade ef-
fects provide direct information about spin transitions
through an analysis of the peak amplitude. In particular
this technique can resolve whether the spin of two neigh-
boring ground states differ by + or −1/2. However, it
is important to note that this technique relies on simul-
taneously measuring the property of dots with two con-
secutive electron numbers, N and N + 1. For important
but relatively straightforward spin phenomena such as
the ‘singlet-triplet’ transition for two or more electrons
this will not be a limitation. However, for more com-
plex states such as those involving correlations, e.g spin
textures,4 it is no longer clear that states with successive
occupation numbers will overlap. In this case Coulomb
blockade measurements would automatically lead to a
suppressed peak amplitude thereby requiring a different
procedure to study these novel phenomena. Any tech-
nique which probes electron transitions at a fixed elec-
tron number, such as the one described in this paper,
may therefore be beneficial in the future for studying
these more complex spin phenomena experimentally.
For quantum dot devices a condition of fixed N is met
in the Coulomb blockaded regions when a dot is off res-
onance with the leads and, as a result, the current is
strongly suppressed. At low temperatures, however, a
small current still can be observed due to higher order
tunneling events. Since these involve simultaneous tun-
neling of two or more electrons they are referred to as
co-tunneling10 events. For very low temperatures and
low bias voltages, including the experiments described in
this paper, co-tunneling is dominated by elastic channels
which do not involve excited electron-hole pairs within
the dot. Initially treated as a limitation on the ac-
curacy of single electron devices, electron co-tunneling
processes have recently been used to probe large11 and
small12 Coulomb blockaded quantum dots as well as
Kondo systems.13
In this paper we present Coulomb and spin blockade
measurements of a double quantum dot device connected
to spin selective leads. In previous experiments we used
a spin polarized current to probe a two-level molecule
formed in the regime of filling factor ν = 2 within the
dots, in which the two dots were simultaneously brought
into resonance with the leads.6 Here, by contrast, we fo-
cus on the situation when one of the dots is purposely
kept off-resonance. The measured current then requires
a co-tunneling process through the off-resonance dot. In
order to study the consequences of ground state transi-
tions on the co-tunneling current we sweep the perpen-
dicular magnetic field close to the well understood ν = 2
transition. A strong amplitude modulation of CB peaks
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FIG. 1: (a) SEM picture of the experimental device;
(b)inverted greyscale of conductance through the left dot for
four CB peaks in the vicinity of ν = 2. Dark (light) regions
represent high(low) amplitude of CB peak; (c) typical mod-
ulation of position and amplitude of a CB peak at ν = 2
transition, shown in case of the 12↔ 13 transition.
is observed in the co-tunneling current. The observed
modulation pattern is explained in terms of geometri-
cal and spin blockade effects occurring in either or both
dots. The results for the two dots in series are com-
pared directly to measurements from the individual dots.
It is shown that this amplitude modulation comparison
can be used to identify the dominant active co-tunneling
process. In addition we observe that charge redistribu-
tions associated with magnetic field induced ground state
transitions in the off-resonance dot, which enjoys a fixed
electron number, are reflected in changes of the electro-
chemical potential of the on-resonance dot.
II. EXPERIMENTAL RESULTS
A scanning electron microscope (SEM) picture of the
experimental device is shown in Fig. 1(a). The device
is composed of eight metallic gates deposited on the
surface of a GaAs-AlGaAs heterostructure with a two-
dimensional electron gas (2DEG) 90 nm below the sur-
face. The density and mobility of 2DEG were n =
1.7× 1011cm−2 and µ = 2× 106cm2V −1s−1 respectively.
Individual left or right quantum dots could be formed
separately within the 2DEG by energizing different sets
of gates or alternatively a system of two few-electron
dots in series could be achieved. Plunger gates 1B and
3B were used to tune the electrochemical potentials of
the dots, and thereby the number of electrons confined
in the dots. The techniques employed for emptying the
dots and identifying the number of electrons have been
described elsewhere.3 The conductance G was measured
using standard low noise lock-in techniques with a typical
bias voltage of 10µV .
We begin the experiment by forming the left and the
right dots individually by energizing all the gates except
pairs 3B-4B and 1B-0B, respectively. To characterize
each dot we map out its addition spectrum in a per-
pendicular magnetic field. We focus on the regime near
filling factor ν = 2 in the dot for which the magnetic field
induced ground state transitions (including spin transi-
tions) are very well characterized from investigations of
single quantum dot devices14,15,16 and the charge dis-
tribution scheme of single particle states is particularly
simple. This regime includes both spin transitions and
spatial charge redistribution events which can be used
to probe the above ideas. In Fig. 1(b) we show a typical
conductance greyscale of a single dot in the vicinity of the
ν = 2 transition. The magnetic field dependence of four
CB peaks on the left dot is plotted. At ν = 2 electrons
occupy a simple ladder of states within the first Landau
level (1LL) associated with an approximately parabolic
confining potential in each dot.17 The wavefunction of
each of these states can be regarded as a ring orbital with
a radius that increases with the energy of the state. Each
orbital state can be occupied by a pair of electrons with
opposite spin. Reducing the magnetic field from its ν = 2
value transfers an electron from the outermost orbital of
the 1LL to the innermost orbital of 2LL. These transi-
tions are reflected in the CB peak position14,16. For a CB
peak corresponding to the tunneling of a N + 1 electron
through an N -electron dot (N ↔ N +1 transition) both
ground state transitions of the N +1 and N electron dot
are observed as cusps. When the N + 1 electron tunnels
through the orbital of the 1LL (2LL) the magnetic field
dependence of the position of the respective CB peak is
characterized by a downward (upward) slope. An exam-
ple of such behavior is shown in Fig. 1(c) for the 12↔ 13
transition. The down (up) pointing arrow identifies the
GS transition for a 13(12)-electron dot.
For an even number of electrons a spin flip is required
during the transfer of an electron between the 1LL and
2LL and a singlet-triplet transition occurs for the ν = 2
dot. These spin transitions are detected by means of spin
blockade spectroscopy and result in a strong modulation
of the CB peak amplitude, as seen in Fig. 1(b). One
period of the observed amplitude modulation is shown in
Fig. 1(c) for a 12 ↔ 13 transition. When the spin-down
electron tunnels through the edge orbital of the dot there
is no blockade (NB) and a high conductance is observed.
Tunneling of spin-up electrons through the same orbital
occurs at a lower current since spin-up electrons are spin
blockaded (SB). Those two regimes are separated by a
region of very low conductance due to a different blockade
mechanism. The electron in this case tunnels through
the innermost orbital, belonging to the 2LL. Since the
coupling of this orbital to the leads is reduced due to the
lateral geometry of the device we refer to this regime as
being geometrically blockaded (GB).
Two dots in series are formed by energizing all gates.
Figure 2(a) shows the greyscale of conductance vs.
plunger gates voltages. The plot, illustrating the peak
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FIG. 2: (a) The measured charging diagram of the double
dot. Inset shows how amplitude of CB peaks rapidly de-
creases away from the triple point (marked by an arrow); (b)
schematic representation of different energy configurations of
a double dot system close and away from triple points. Pair
of numbers (nL, nR) describe occupation number for the left
the and right dot in each configuration. Open (closed) cir-
cles indicate empty (occupied) levels in the dot; (c) inverted
conductance greyscale showing magnetic field dependence of
four CB peaks, measured along the solid line marked in (a).
Solid squares (triangles) mark peaks observed when only the
left (right) dot is aligned with the leads. Arrows mark ν = 2
transition as detected for each configuration.
positions in (1B,3B) plane, is the measured charging dia-
gram of the double dot (DD) system, resembling the well-
known “honeycomb” pattern.18 The configuration within
each honeycomb is characterized by a pair of occupation
numbers (nL, nR), denoting the number of electrons in
the left (nL) and right (nR) dot. Conductance is highest
at the so-called triple points, at which the three neigh-
boring configurations are degenerate. These points cor-
respond to the situation when both dots are in-resonance
with each other and with both leads, as is shown schemat-
ically in Fig. 2(b), so charge (current) can be easily trans-
ferred through the system. We investigated this regime
in detail in Ref. 6 where we demonstrated the formation
of molecular states near the ν = 2 regime.
Let us now focus on the region away from the triple
points. Along these sides of the honeycombs only two
neighboring electron configurations are degenerate. This
corresponds to the situation where only one of the dots
is in resonance with the leads. As a result the conduc-
tance drops by over an order of magnitude, as shown in
the inset in Fig. 2(a). A voltage scan along the solid
line shown in Fig. 2(a) still results in a series of CB
peaks but with each peak corresponding to a configu-
ration with only one dot in resonance with the leads.
(nL,nR)
(nL+1,nR)(nL+1,nR-1)
FIG. 3: Schematic representation of the configuration in-
volved in the transfer of an electron through the double dot
system when only the left dot is in resonance with the leads.
Dashed arrows indicate co-tunneling events through the vir-
tual (nL + 1, nR − 1) configuration.
Fig. 2(c) reveals the magnetic field dependence of such a
scan. Intuitively we would expect that the current am-
plitude through the system would reflect the properties
of both dots (since states within both dots are involved
in the current ) but that the Coulomb blockade spec-
troscopy (i.e. peak position) would only probe the on-
resonance dot (since the peak occurs when the electro-
chemical potential of this dot aligns with the leads). The
picture emerging from the experiment suggests this is
not the complete picture. We find three major features
in the scan: (i) two adjacent peaks are not paired in their
magnetic field behavior in contrast to peaks at the triple
points;6 (ii) the observed amplitude modulation reflects
transitions in ground states of both in-resonance and off-
resonance dots as intuitively expected and interestingly
(iii) the peak positions reflect the transitions occurring
in both dots i.e. not only in the dot in resonance with
the leads. The first of the above observations confirms
that in the regime away from the triple points we are no
longer dealing with molecular-like behavior in the dou-
ble dot system, which now behaves as two dots in series.
To analyze the second and third of the above findings we
start with a discussion of tunneling through a DD system
when only one dot is in resonance with the leads.
III. DISCUSSION
Let us consider the situation when the left dot is in
resonance with the leads whereas the right dot is off-
resonance. The initial configuration is characterized by
a pair of occupation numbers (nL, nR) and is schemat-
ically represented in Fig. 3. The nR level in the right
dot lies below the Fermi energy of the leads and so it is
occupied by an electron, while the nL level in the left
dot is empty. Since the nL level is in equilibrium with
the source lead an electron can tunnel back and forth
between the source and the dot, i.e. the system con-
figuration fluctuates between (nL, nR) and (nL + 1, nR).
4For the current to flow, however, the electron needs to
tunnel through the right dot. This is possible only if we
consider virtual transitions. The nR electron leaves the
right dot to the lead, and a (nL, nR − 1) configuration
is reached. Simultaneously, in the co-tunneling process,
the nL + 1 electron from the left dot enters the right
dot, the configuration (nL, nR) is achieved again, how-
ever, an electron has been transferred through the device,
i.e. current flows. We can write down the whole cycle
as (nL, nR)→(nL + 1, nR)→(nL + 1, nR − 1)→(nL, nR),
where (nL + 1, nR − 1) is the virtual configuration ac-
cessed through co-tunneling processes indicated in Fig. 3
by dotted lines. We now speculate that it is possible to
decompose the cycle into the two relevant single dot tran-
sitions for the purpose of understanding the information
obtained from the amplitude modulation. For the left
dot the important transition is nL → nL+1→ nL while
for the right dot it is nR → nR−1→ nR. It is, of course,
true that this is a virtual process and the number of elec-
trons in the right dot is in reality fixed at nR. However,
if these transitions are suppressed (e.g. due to spin or
spatial blockade) then the co-tunneling process will also
be suppressed.
The above analysis is found to be consistent with our
experimental observations. As an example we choose
the top peak from the spectrum in Fig. 2(c), corre-
sponding to the situation when µL(14) is aligned with
the source lead and µR(16) is below the Fermi energy
of the leads. According to our previous discussion the
transition (13, 16) ↔ (14, 16) can be written down as
(13, 16)→ (14, 16)→ (14, 15)→ (13, 16) and can be de-
composed into L13↔ 14 and R16↔ 15 processes on the
left and the right dot respectively. Let us therefore com-
pare this peak with the single dot data related to tran-
sitions L13 ↔ 14 (left dot) and R16 ↔ 15 (right dot).
The results are shown in Fig. 4. Fig. 4(a) shows inverted
greyscale data of the relevant peaks from measurements
obtained on the double dot system (middle panel) as well
as single dot traces from the left dot (top panel) and the
right dot (bottom panel). The single dot traces have been
shifted by a small amount along horizontal axis, 40mT
(60 mT) for the left (right) dot trace, towards lower field
values to match the positions of the unambiguous ν = 2
transition. For reference the (13, 15)↔ (13, 16) peaks is
also shown. The magnetic field values at which GS tran-
sitions occur in single dots are marked by arrows. For
a N ↔ N + 1 transition an arrow pointing down (up)
marks a ground state transition for a N + 1(N)-electron
dot. As described during the discussion of Fig. 1. these
transitions result in step like features in the position of
Coulomb blockade peaks with the cusps at the bottom
(top) of the steps reflecting the N (N+1) electron GS
transitions. For reference we label all of these transi-
tions with letters A...H , starting with the highest field
transition, which over this range of magnetic fields is the
transition into the ν = 2 regime for the 16-electron dot
(R16↔ 15 peak). For each peak these transitions divide
the field range into several distinctive regions character-
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FIG. 4: Comparison of the double dot data for the (13, 16)↔
(14, 16) with single dot data for the L13 ↔ 14 and the
R15 ↔ 16 transitions on the left and right dot respectively
in the vicinity of the ν = 2 transition. (a) respective inverted
greyscales of the double dot (middle panel), the left dot (top)
and the right dot (bottom) data. As a reference shown is also
a peak related to (13, 15) ↔ (13, 16) transition;(b) extracted
amplitude of respective CB peaks. Arrows and dashed lines
mark transitions in ground states of respective dots, labeled
by letters for the reference. For details see text.
ized by different amplitudes, which can be seen to reflect
the amplitude modulation of the relevant single dot peaks
over the same regime. The amplitude of the respective
CB peaks are shown in the Fig. 4(b). The amplitude has
been normalized to the highest value for each peak over
the field range. It is clearly seen from the data that the
conductance through the transition (13, 16) ↔ (14, 16)
is strongest in the region DE when both L13 ↔ 14 and
R16 ↔ 15 transitions are the strongest on the individ-
ual dots i.e. when transport through the individual dots
is non-blockaded. Whenever a GS transition in one of
the dots causes a blockade mechanism to become ac-
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FIG. 5: (a) Peak positions of the data from Fig. 4(a). Curves
were offset vertically for clarity. The thick arrow indicates the
direction of higher negative plunger voltage. Ground state
transitions on single dots are marked like in Fig. 4. Black tri-
angles (diamond) mark features related to charge redistribu-
tion events occurring in the right (left) off-resonance dot and
picked up by electrochemical potential of the in-resonance left
(right) dot; (b) schematic representation of ground state tran-
sitions constituting charge redistributions. Horizontal dashed
line marks the Fermi energy of the leads (EF ). Vertical dotted
line marks the edge of both dots . Horizontal black (grey) bars
indicate edge (center) orbitals of the 1LL (2LL). For details
see text.
tive (either spin (SB) or geometrical (GB)) for either
of the corresponding single dot transitions, the resulting
co-tunneling current through the DD system decreases.
Lowering the magnetic field below the E transition leads
to decrease in current due to both GB and SB mecha-
nisms for the off-resonance dot (region EF ). For mag-
netic field values above the C transition, regions exist
where only one of the two mechanisms is active. In the
BC region the current is decreased due solely to the SB
mechanism on the in-resonance dot, but is then further
reduced when the SB mechanism is also switched on for
the off-resonance dot after it undergoes a transition to the
ν = 2 regime (the A transition). Details of the amplitude
pattern observed for all peaks from Fig. 2(c) provide a
consistent picture. Firstly, we obtain direct information
on which particular co-tunneling route is dominant. A
quite different pattern, for example, would be expected if
the co-tunneling was dominated by elastic co-tunneling
through the unoccupied state in the off-resonance dot,
i.e. through µR(17) in the above scenario. Secondly,
a detailed analysis of the amplitude pattern15 confirms
that spin blockade is active in limiting the co-tunneling
current.
Let us now discuss the peak position in the double dot
traces. The peak positions of the identical data as in
Fig. 4(a) are plotted in Fig. 5(a). Since the left dot is
always aligned with the leads for the (13, 16)↔ (14, 16)
peak, its position in V1B,3B reflects the spectroscopy of
the addition spectrum of the left quantum dot associ-
ated with the transition L(13)↔ (14). Similarly for the
(13, 15) ↔ (13, 16) peak, the addition spectrum of the
right dot associated with the R(15) ↔ (16) transition
is measured. It can be seen that the step-like behav-
ior observed for single dot traces is reproduced in the
double dot data. Upward/downward cusps observed in
L(13) ↔ (14) (R(15) ↔ (16)), reflecting GS transitions
in 13/14 (15/16)-electron dots, align very well with the
similar cusps on (13, 16)↔ (14, 16) ((13, 15)↔ (13, 16)).
It is important to note, however, that additional fea-
tures are present in the peak positions of the double dot
traces. A comparison with the single dot traces con-
firms that these are related to GS transitions in the off-
resonance dot. The triangles mark the features observed
in (13, 16) ↔ (14, 16) peak as a result of GS transitions
in the off-resonance right dot with N = 16 electrons.
One of those transition (A) is shown schematically in
the top panel of Fig. 5(b). As a result of this tran-
sition a spin up electron from the outermost occupied
orbital of the 1LL (black horizontal bar) is transferred
to the lowest orbital of the 2LL (grey horizontal bar),
placed close to the center of the dot, as magnetic field is
lowered. Due to the electrostatic coupling between the
dots this redistribution of charge within the off-resonance
dot causes a drop in the electrochemical potential of the
in-resonance dot shifting the Coulomb blockade peak to
more negative voltages as observed experimentally. Sim-
ilar observations are seen for other transitions e.g. at the
(13, 15) ↔ (13, 16) transition, the charge redistribution
in the off-resonance left dot with N = 13 (transition D)
is picked up by the in-resonance right dot and reflected
in the spectrum (feature marked by a black diamond in
Fig. 5(a). A related observation was made recently by
Ref. 7 in the Kondo regime. This non trivial observa-
tion suggests that integrated quantum charge detectors
(dots in series or quantum point contacts) can be used
not only to detect a decrease or increase in the number of
electrons occupying the quantum dot but also to detect
rearrangements of the existing charge within a dot. Mea-
surements using such techniques to detect more complex
spin phenomena are currently under way.
IV. SUMMARY
In summary, we have presented results of coulomb
blockade experiments on a double dot system with only
one dot in resonance with the leads. In this regime
the current through the system is driven by co-tunneling
events through the off-resonance dots. The co-tunneling
current reflects both geometrical and spin blockade phe-
nomena occurring within each as well as between the two
dots. In addition we found that charge rearrangements
6at a fixed electron number on one of the dots are reflected
in changes of the chemical potential of the other dot.
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